Neurodevelopmental disorders frequently share common clinical features and appear high rate of comorbidity, such as those present in patients with attention-deficit hyperactivity disorder (ADHD) and autism spectrum disorders (ASD). While characterizing behavioral phenotypes in the mouse model of cyclin-dependent kinase-like 5 (CDKL5) disorder, a neurodevelopmental disorder caused by mutations in the X-linked gene encoding CDKL5, we found that these mice manifested behavioral phenotypes mimicking multiple key features of ASD, such as impaired social interaction and communication, as well as increased stereotypic digging behaviors. These mice also displayed hyper-locomotion, increased aggressiveness and impulsivity, plus deficits in motor and associative learning, resembling primary symptoms of ADHD. Through brain regionspecific biochemical analysis, we uncovered that loss of CDKL5 disrupts dopamine synthesis and the expression of social communication-related key genes, such as forkhead-box P2 and mu-opioid receptor, in the corticostriatal circuit. Together, our findings support that CDKL5 plays a role in the comorbid features of autism and ADHD, and mice lacking CDKL5 may serve as an animal model to study the molecular and circuit mechanisms underlying autism-ADHD comorbidity.
Introduction
Cyclin-dependent kinase-like 5 (CDKL5, OMIM #300203) is an Xlinked gene encoding a serine-threonine kinase that is highly expressed in the forebrain (1, 2) . Mutations in CDKL5 have been genetically linked to multiple neurodevelopmental disorders, including atypical Rett syndrome, early infantile epileptic encephalopathy, and autism. These disorders share a common set of clinical symptoms, such as autistic features, early-onset intractable seizures, motor dysfunction, and severe intellectual disability (3) (4) (5) (6) (7) . Currently available treatments are limited to the management of symptoms (8, 9) . The pathophysiology underlying CDKL5 mutation-associated broad spectrum of symptoms remains poorly understood.
To better understand the pathogenic mechanism of CDKL5 disorder, two mouse models have been developed. Phenotypic analyses in one study report that loss of functional CDKL5 protein disrupts auditory evoked potentials, impairs motor coordination, sociability and nesting behavior, and associates with an aberrant kinase phosphorylation profile (10) . The other CDKL5 mouse model shows abnormal visual evoked response and eye tracking, hindlimb clasping, and reduced dendritic arborization in cortical neurons (11) . Interestingly, opposite locomotor activities, either hyper or hypo, were reported in these two models. It remains to be clarified how CDKL5 dysfunction disrupts control of voluntary movement and locomotor activity. In addition, despite these behavioral and cellular observations, the neurochemical pathways and the down-stream genes affected by CDKL5 mutation likely contributing to CDKL5 disorder-related phenotypes have yet to be determined.
The protein expression of CDKL5 goes up postnatally and primarily in neurons, both in the cytoplasm and nucleus (2, 12) .
Cell culture studies demonstrate that CDKL5 plays a critical role in dendritic arborization, neuronal maturation and synaptogenesis, likely through its interactions with postsynaptic density protein 95 that modulates organization and stability of excitatory synapses (13, 14) . In mice lacking CDKL5, reduced spine stability, deregulated hippocampal neurogenesis, neuronal survival and maturation coupled with deficits in long-term potentiation and impaired learning and memory have been observed (15) (16) (17) . However, the roles of CDKL5 in modulating neural substrates for language development and other cognitive function remain to be investigated.
Here, we carried out a comprehensive phenotypic characterization of Cdkl5 null mice by assessing various behavioral phenotypes mimicking core features of autism spectrum disorder (ASD) and attention-deficit hyperactivity disorder (ADHD). In addition, we examined the dopamine content and the expression of genes associated with social communication in the corticostriatal circuit in Cdkl5 null mice.
Results

Impaired social interaction in Cdkl5
À/y mice
The Cdkl5 null mice used in this study were generated by deleting exon 6 of Cdkl5 gene, leading to a frame shift and truncation of CDKL5 protein at its kinase domain, and thus loss of CDKL5 function (10) . By immunoblotting with antibodies against the Cterminus of CDKL5 protein, we confirmed that full-length CDKL5 protein is diminished in Cdkl5 null males (KO, Cdkl5
À/y ; Supplementary Material, Fig. S1 ), compared to that in wild-type littermate controls (WT, Cdkl5 þ/y ). Notably, CDKL5 protein is highly enriched in forebrain regions, such as the rostral cortex (CTX-r), medial prefrontal cortex (mPFC), rostral and caudal striatum (ST-r, ST-c), compared to that in the ventral midbrain (VMB, Supplementary Material, Fig. S1B ).
To characterize behavioral phenotypes related to autistic features in patients, we first measured the social behaviors using a three-chamber sociability test in Cdkl5 null mice (Fig. 1) . In the habituation session, all testing mice spent similar amount of time in either chambers (Fig. 1C) . After placing a stranger mouse (S1) in one of the chambers, WT control mice spent significantly increased time in the chamber containing S1 compared to the empty one, while Cdkl5 null mice did not exhibit preference to S1 (WT: 93.9 6 6.9 s in empty vs. 158.7 6 9.2 s in S1, P < 0.001, n ¼ 17; KO: 109.5 6 9.8 in empty vs. 130. 8 6 10 .0 in S1, P > 0.05, n ¼ 11; Fig. 1D ), indicating impaired sociability in Cdkl5 null mice. In the third phase, the second stranger mouse (S2) was placed into the empty chamber, and WT mice spent relatively more time interacting with S2 compared to S1 (WT: 91.5 6 7.1 s in S1 vs. 154.3 6 6.5 s in S2, P < 0.001; Fig. 1E ). By contrast, Cdkl5 null mice exhibited no preference to S2, and spent similar amount of time in both chambers (KO: 110.4 6 15.2 s in S1 vs. 133.9 6 20.7 s in S2, P > 0.05, Fig. 1E ). These results suggest that CDKL5 deficiency impairs sociability and social novelty recognition, consistent with and complement social interaction deficits reported in the previous study (10) . Of note, the olfaction of Cdkl5 null mice is normal (10) , excluding the possibility that social impairment of these mice results from olfactory dysfunction. WT mice spent longer time in the chamber containing a novel mouse (stranger 1, S1), while Cdkl5 À/y mice exhibited no preference to S1. (E) WT mice, but not Cdkl5 À/y mice, spent increased time in the chamber containing a new stranger mouse (S2). S1 and S2 are age-matched WT males unfamiliar to the tested mice. All data are shown as mean 6 SEM. ***P < 0.001, student t-test.
Communication deficits in pups and adult Cdkl5 À/y mice Patients with CDKL5 disorder and autism are characterized by deficits in verbal communication, while a related functionality has yet been tested in Cdkl5 mouse models. We thus examined ultrasonic vocalizations (USV) in Cdkl5 null mice. Given that adult male mice display USV upon courtships or setting up territory (18), we measured female-induced USV in male Cdkl5 null mice at 8-10 weeks of age, as an analogous approach to assess verbal communication skills (Fig. 2A) . Similar measurement has been frequently used in studies of ASD animal models (18, 19) . When a premature WT female mouse (P35-42) was placed into the testing cage, we found that Cdkl5 null mice emitted fewer USV calls to this female compared to WT males (5.8 6 1.4 in KO vs. 125.0 6 14.2 in WT, P < 0.001; Fig. 2B and C). These Cdkl5 mutant males displayed increased stereotypic digging in contrast to chasing and sniffing the female shown in WT males. Moreover, the duration of total calls was significantly shorter in Cdkl5 mutants compared to those from WT littermate controls (0.059 6 0.015 s in KO vs. 2.35 6 0.85 s in WT, P < 0.001; Fig. 2D ), suggesting that loss of CDKL5 disrupts social communication in adult mice.
Given that the onset of core symptoms of autism is usually by 3 years of age, we next examined whether the communication deficits in Cdkl5 null mice occur at early postnatal ages. We measured the number of USV calls produced from pups at the age of postnatal day 4 (P4) and P6 in one cohort, P8 and P10 in another cohort, for 5 min during which the pups were isolated from their moms (20) . We found that the number of USV calls emitted from Cdkl5 null pups did not differ from WT controls at either P4 or P6 [P4: 114. 4 Increased stereotypic digging behaviors in Cdkl5 À/y mice During the baseline recording for adult USV, we noticed that Cdkl5 mutant mice frequently displayed repetitive grooming and digging behaviors. Given that repetitive stereotypic behavior is one of the core features of autism, we next examined the stereotypic digging in Cdkl5 null mice by measuring their behavioral response to apomorphine (APO) (Fig. 3A) . APO is a nonselective agonist for dopamine receptors, frequently used to induce stereotypic behaviors in WT mice at the dose of milligram levels (21, 22) . If Cdkl5 null mice develop autistic-like phenotypes, they may show repetitive behaviors with different sensitivity in response to APO treatment. We found that, in the absence of APO, Cdkl5 null mice did exhibit increased spontaneous stereotypic digging, as characterized by rapid forward 
Cdkl5
À/y pups (n ¼ 12) display reduced number of calls at both P8 and P10 compared to WT pups (n ¼ 8). All data are shown as mean (the horizontal lines in C-F) 6 SEM.
*P < 0.05; **P < 0.01; ***P < 0.001; Mann-Whitney U test for C and D; repeated-measured two-way ANOVA for E and F. (24, 25) , suggesting that epilepsy, ASD and ADHD may share certain etiological origin. ADHD is a neurodevelopmental disorder with a prevalence of $7.2% in total birth worldwide (26) , featured by hyperactivity, impulsivity, and inattention associated learning deficits (27) . Given that mutations in CDKL5 have been found in patients with early-onset infantile epileptic encephalopathy and autism, we set up to examine behavioral phenotypes that may resemble symptoms of ADHD in Cdkl5 null mice. Considering the reported discrepancy in locomotor activities in Cdkl5 null mice (10,11), we first examined the locomotion using an open field test, a frequently used locomotor test different from home cage beam break measurement used in Wang et al. study (10) and over-night running wheel test in Amendola et al. (11) . We found that Cdkl5 null mice at 4-5 weeks of age traveled significant longer distance (5464. 4 6 194.3 in KO vs. 3116.9 6 177.3 in WT, P < 0.001; Fig. 3C and D) (171.4 6 6.9% of WT, P < 0.001; Fig. 3E ), took shorter time for rest (57.2 6 2.5% of WT, P < 0.001), moved at higher average velocity (136.0 6 3.9% of WT, P < 0.001) and maximal velocity (124.5 6 8.3% of WT, P < 0.05), compared to their WT littermates, indicating elevated locomotor activity in these mutants ( Fig. 3C-E) . However, the hyperactivity was not caused by increased anxiety as they spent comparable time in the center of arena (inside the yellow square) to WT controls (the ratio of time spent in the center vs. peripheral zone: 0.252 6 0.028 in KO vs. 0.188 6 0.032 in WT, P > 0.05; Fig. 3F ). These findings revealed a hyperactivity shorter time on the rotarod compared to WT mice, indicating impaired motor coordination and motor skill learning. All data are shown as mean 6 SEM. *P < 0.05; **P < 0.01; ***P < 0.001; repeated-measured two-way ANOVA for B and G; unpaired Student-t test for D-F.
phenotype in Cdkl5 null mice, which is consistent with and complement findings in previous study (10) . Because autistic and ADHD children commonly show impairment in motor coordination and motor learning (28), we also examined these motor capability by testing Cdkl5 null mice on an accelerating rotarod. The mutants and their WT littermates were tested on a rotating rod for 3 trials per day in 5 consecutive days. We found that mice lacking CDKL5 exhibited significantly reduced falling latency compared to WT mice in the first testing day (27.0 6 4.7 s in KO vs. 59.1 6 9.6 s in WT, P < 0.01) and throughout the testing period [Time effect: F(4, 76) ¼ 9.84, P < 0.001; genotype effect: F(1, 19) ¼ 28.06, P < 0.001; repeat-measured two-way ANOVA; Fig.  3G ), suggesting that loss of CDKL5 impairs not only motor coordination but also motor skill learning.
Increased impulsive behavior and aggressiveness in Cdkl5
À/y mice Another ADHD core symptom frequently co-occurs with autistic features is enhanced impulsivity. Since impulsivity is a behavioral feature highly associated with aggression (29), we thus examined both of them in Cdkl5 null mice using the resident-intruder test (30) . Briefly, the resident mouse (a mutant or WT control) was isolated for 7 days to setup its own territory. Then, an age-and size-matched WT male intruder unfamiliar to the resident mouse was introduced to the cage, followed by videotaping for 20 min to monitor their interactions (Fig. 4A ). We found that Cdkl5 null mice attacked the intruders with a significantly shorter latency compared to WT controls (12.5 6 1.8 min in KO vs. 18.0 6 1.3 min in WT, P < 0.05) (Fig. 4B ), suggesting that loss of CDKL5 increases impulsivity to attack. In addition, we found that Cdkl5 null mice show higher frequency of biting at the intruders (9 out of 15 in KO vs. 2 out of 14 in WT), and increased average number of bites per animal compared to WT controls (2.8 6 1.1 in KO vs. 0.2 6 0.2 in WT, P < 0.01) (Fig.  4C ). In contrast to WT mice showing interest of sniffing the intruders, Cdkl5 null mice spent significantly longer time digging than sniffing (Sniffing: 60.5 6 14.9 in KO vs. 154.4 6 15.7 in WT, P < 0.001; Digging: 293.5 6 38.5 s in KO vs. 38.1 6 14.0 s in WT, P < 0.001) (Fig. 4D ). This is consistent with our observation The probe test performance of Cdkl5 À/y mice is comparable to that of WT controls. All data are shown as mean 6 SEM. *P < 0.05; **P < 0.01; ***P < 0.001; Mann-Whitney U test in B-D; repeated-measured two-way ANOVA for F, one-way ANOVA for G and H.
in social interaction test and stereotypy assay as described above. Together, these results support that Cdkl5 null mice exhibit increased aggressiveness and impulsivity-like behaviors, recapitulating core features of ADHD.
Impaired spatial learning in Cdkl5 À/y mice Attention deficits and learning disability are common symptoms in patients with ADHD. To examine whether Cdkl5 null mice show inattention and cognitive impairment, we next subjected them to a Barnes maze test, in which spatial cues were acquired to recognize the escaping hole (31) . After training for 3 consecutive days (Fig. 4E) (32) , a function predominantly modulated by the striatum, the major input nucleus of the basal ganglia. Given that dysregulated cortico-striatal circuit has been linked to ADHD (33, 34) , autism (35) , and compulsive stereotypy (22, 36, 37) , moreover, both muopioid receptors (OPRM1) (20) and fork head-box P2 (FoxP2) (38) are highly expressed in the corticostriatal circuit and implicated in autistic features, we next examined the expression pattern of OPRM1 and FoxP2 in Cdkl5 null mice. Using immunostaining, we found that the protein expression of OPRM1 in Cdkl5 null mice was significantly reduced in the striosomes (patches) throughout the striatum (Fig. 5A-D) . Quantification of protein expression by densitometry showed that the reduction of OPRM1 in Cdkl5 null mice was up to 50% in the ST-r (27.3 6 0.8 in KO vs. 54.9 6 2.2 in WT, P < 0.01, n ¼ 4; Fig. 5D ) and $37% in the ST-c (17.0 6 1.3 in KO vs. 27.0 6 0.6 in WT, P < 0.05), but OPRM1 expression remained unchanged in the habenula (Hb) of Cdkl5 null mice compared to WT mice (43.9 6 4.4 in KO vs. 43.1 6 2.8 in WT, P > 0.05) (Fig. 5C , C 0 and D). On the other hand, the immunoblotting results showed that FoxP2 was significantly reduced in the ST-c (79.5 6 3.4% of WT, P < 0.001, n ¼ 6), while increased in the ST-r (115.4 6 4.0% of WT, P < 0.01) of Cdkl5 null mice compared to WT controls (Fig. 5E) . A trend of reduction for FoxP2 was found in the VMB (78.5 6 9.5% of WT, P ¼ 0.078) but no change in FoxP2 expression was observed in the mPFC (93.8 6 9.9% of WT, P > 0.05) of Cdkl5 À/y mice (Fig. 5E) . Therefore, loss of CDKL5 disrupts protein expression of OPRM1 and FoxP2 in a striatum-specific manner, suggesting that CDKL5-deregulated gene expression in the striatum may, at least partly, underlie social communication deficits and other behavioral phenotypes in Cdkl5 null mice (see Discussion).
Aberrant dopamine content in the prefrontal and striatal areas of Cdkl5 À/y mice
The psychomotor dysfunction in numerous neurological and psychiatric disorders, including Parkinson's disease and ADHD, has been linked to alterations of dopamine tansmission (39, 40, 47) . Dopamine tone is also known to be critical for motor stereotypy, sociability and cognitive functions (43) . Importantly, recent studies have found patients with autism exhibit significantly impaired gene expression in dopamine transmission (41) (42) (43) (44) , raising a possibility that deficient dopamine transmission may underlie the etiological convergence for autism and ADHD. Moreover, based on our previous findings that hypoactivity in methyl-CpG binding protein 2 (Mecp2)-deficient mice is associated with reduced dopamine content in the rostral striatum (45, 46) , we reasoned that hyperactivity in Cdkl5 null mice is likely coupled to an opposite alteration of striatal dopamine content. We thus measured the amount of dopamine in the striatum and its connected brain regions in Cdkl5 null mice. The high performance liquid chromatography (HPLC) results showed that dopamine content was increased in the ST-r, but decreased in the ST-c of Cdkl5 null mice, compared to WT controls (ST-r: 134.9 6 8.5% of WT, P < 0.01; ST-c: 81.1 6 8.2% of WT, P < 0.05; Fig. 5F ). In addition, the dopamine content was also significantly increased in the medial prefrontal cortex (mPFC), the main brain region controlling impulsivity and attention, in Cdkl5 null mice (215.0 6 25.6% of WT, P < 0.01). By contrast, the dopamine content remained unchanged in the VMB (98.0 6 11.9% of WT, P > 0.05) and rostral cortex, which is corresponding to the primary motor cortex (CTX-r, 101.4 6 21.3% of WT, P > 0.05; Fig. 5F ). These results indicated that CDKL5 is required for maintaining the dopamine tone in specific regions of the corticostriatal circuit.
To examine whether altered dopamine content in Cdkl5 null mice is due to disrupted biosynthesis, we next examined the protein expression of tyrosine hydroxylase (TH), the ratelimiting enzyme for dopamine synthesis, in Cdkl5 null mice. Immunoblotting results showed that the expression of TH protein was significantly increased in the mPFC and ST-r (mPFC: 129.6 6 9.5% of WT, P < 0.01; ST-r: 113.3 6 2.5% of WT, P < 0.001) (Fig. 5G) , consistent with the elevated dopamine levels in these areas (Fig. 5F ). However, the dopamine content remained unaltered in the ST-c and VMB (ST-c: 101.2 6 3.9% of WT, P > 0.05; VMB: 101.0 6 5.9% of WT, P > 0.05), suggesting a region-specific disturbance of dopamine synthesis which is likely associated with behavioral phenotypes observed in Cdkl5 null mice.
Discussion
In the present study, we found that mice lacking CDKL5 develop behavioral phenotypes mimicking primary features of autism, such as impaired social communication and increased stereotypy, and also show phenotypes resembling core symptoms of ADHD, such as increased locomotor activity, impulsivity and aggressiveness, as well as deficits in motor and spatial learning. Moreover, we found that loss of CDKL5 disrupts dopamine synthesis and sociocommunication-associated gene expression in the corticostriatal areas, implicating CDKL5 in modulating region-specific molecular pathways to underlie the comorbid features of autism and ADHD.
Dopamine, striatum and movement control
Consistent with previous reports (10), we found that Cdkl5 null mice showed impaired sociability with reduced time spent in the chamber containing a stranger mouse ( Fig. 1D and E) . Cdkl5 null mice also showed hyperactivity during the first session of three-chamber social test (Fig. 1B) , similar to what we found in the open field test (Fig. 3C-E) and what was reported in a previous study (10) . However, a separate study using a similar Cdkl5 null mouse by deleting exon 4 of Cdkl5 demonstrated hypo-locomotion when measured over a 24-h period (11) . This discrepancy may firstly due to the different genetic background of animals used in those studies. The mice used in our study have been backcrossed to C57BL/6 J for more than 10 generations and maintained in C57BL/6. The other Cdkl5-KO mouse model was derived from ES cells in 129/Sv and C57BL/6 N mixed background without clear report of the number of backcrosses to C57BL/6 (11). The second cause of the discrepancy could be the different experimental paradigm used to measure locomotor activity, either measured shortly in 1 h (10 and this study) or over a 24-h period (11) . These findings raise a possibility that environmental novelty may alter locomotor activity in Cdkl5 null mice.
Interestingly, we also found that Cdkl5 null mice show enhanced stereotypic behavior, particularly even in the absence of APO induction (Fig. 3B) . Although the APO-induced stereotypy is not commonly tested in ASD studies, the increased stereotypic digging in Cdkl5 null mice is unlikely due to differential APO responsiveness between WT and mutants, because similar responses to APO were found in both Cdkl5 null and WT mice (Apo-20, Fig. 3B ). These findings suggest that CDKL5 deficiencyinduced spontaneous stereotypic digging may be mediated, at least partly, by a pathway shared with APO-induced head-down pared to WT controls (n ¼ 6). Notably, the expression level of TH in the mPFC is lower than that in the striatum and VMB. A longer exposure time was used to manifest TH expression in the mPFC. GAPDH serves as an internal control. CTX-r, rostral cortex; Th, thalamus. Scale bar in A' (for A, A') and C 0 (for C, C 0 ), 500 lm; in B' (for B, B'), 100 lm. All data are shown as mean 6 SEM. *P < 0.05; **P < 0.01; ***P < 0.001; unpaired student-t test.
sniffing. Given that APO acts as a common agonist for D1 and D2 dopamine receptors (47) , loss of CDKL5 may pathologically alter neurotransmission through dopamine receptors that in turn leads to aberrant spontaneous stereotypic digging behaviors. In support of this notion, we found that dopamine content is increased in the rostral striatum and medial prefrontal cortex of Cdkl5 null mice (Fig. 5F ). The rostral striatum in rodent is equivalent to human's caudate nucleus, which has been implicated in motor control by the observation that dopamine injection locally to the caudate nucleus induces stereotyped behavior and hyperkinesia, the uncontrollable increase of movement (48) . This type of motor behaviors is similar to what we observed in Cdkl5 null mice (Fig.  3A-E) . Interestingly, our findings of hyperactivity and increased dopamine in the ST-r in Cdkl5 null mice are exactly opposite to our previous finding of hypoactivity and decreased dopamine in the ST-r in Mecp2 null mice (45) . Thus, MeCP2 (mutations of which cause typical Rett syndrome) and CDKL5 act convergently to the dopamine pathway in the ST-r, though in an opposite direction. How loss of MeCP2 or CDKL5 affects locomotion in an opposite manner remains to be investigated.
Dopamine, mPFC and cognition
The increase of dopamine content in the mPFC of Cdkl5 null mice (Fig. 5F ) indicates that loss of CDKL5 may also activate the mesocortical pathway, the dopaminergic projections from the ventral tegmental area (VTA) to the mPFC (49) . The dopamine transmission in the mPFC has been tightly linked to impulse control (50) and attention performance (51), both related to ADHD symptomatology. Previous studies showed that infusion of D1 dopamine receptor agonists into the mPFC alters attention accuracy in a dose-dependent manner, where low doses tend to improve performance while high doses impair it (52, 53) . A recent study reported that phasic dopamine release induced by optogenetic stimulation in mPFC enhances discrimination of paired and unpaired stimuli during associative learning (54), raising a possibility that elevated dopamine content in mPFC of Cdkl5 null mice (Fig. 5F ) may 'blunt' the dopamine transients required for recognition of behaviorally relevant events, thus leading to spatial learning deficits as shown in the Barnez maze test (Fig. 4F) . Therefore, endogenous CDKL5 in the mPFC may function to repress dopamine synthesis and sustain a baseline level of dopamine, allowing dopamine transients to encode relevant stimuli during associative learning. Our study does not exclude the possibility that impaired spatial learning in Cdkl5 null mice may be related to visual impairment (55) and/or impaired hippocampal function (16) . Further studies are required to clarify CDKL5 function in a brain region and cell type-specific manner.
FoxP2, striatum and communication
FOXP2 encodes a forkhead-box transcription factor required for the development of speech and language (56) . Mutations in FOXP2 have been genetically linked to language disorders (57, 58) . Deletion of Foxp2 in mice also disrupts the number and pattern of USV, supporting a critical role for FoxP2 in languagerelated communication in both human and mice (38, 59) . Indeed, USV measurement has been commonly used to assess communication deficits in mouse models of autism (18, 60) . In this study, we found that mice lacking CDKL5 show significantly reduced number and duration of USV calls in both adult and developing pups (Fig. 2) . Interestingly, we also found that FoxP2 protein expression is selectively altered in a region-specific manner in the striatum of Cdkl5 null mice (Fig. 5E) , suggesting that alteration of FoxP2 expression in the striatum may underlie social communication deficits in mice lacking CDKL5.
As a candidate gene for ASD, FoxP2 has been demonstrated to negatively regulate the transcription of numerous genes linked to pathogenesis of autism, such as CNTNAP2, Srpx2, MET, and Mef2c (61) (62) (63) (64) . The aberrant FoxP2 protein expression in the striatum of Cdkl5 null mice may deregulate these target genes and contribute to vocalization impairments. Notably, we found that dopamine content is also altered in a similar regionspecific pattern to that of FoxP2 in the striatum of Cdkl5 null mice (Fig. 5E and F) . Previous study showed that knockdown of FoxP2 reduces the protein expression of dopamine D1 receptors (D1R) and affects singing-related neuronal activity in the striatum of zebra finch (65) . Thus, as a consequence of CDKL5 dysfunction, altered FoxP2 expression may also affect dopaminesignaling pathways leading to the autism-like communication deficits in Cdkl5 null mice.
Another important phenotype we found is that, Cdkl5 null mice produced fewer calls not only in adulthood but also in developing pups at P8 and P10 (Fig. 2F) . Given that CDKL5 protein is gradually induced in neurons after birth and translocated from cytoplasm to the nucleus during P5-P14 (12), it is possible that loss of function of CDKL5 protein leads to consequent deregulation of FoxP2 expression, and ultimately impairs vocalization in Cdkl5 null pups at P8. The target genes directly regulated by CDKL5 in the developing and adult brains remain to be identified.
OPRM1, striosomes and autistic features
In addition to USV impairment, we also found impaired social behaviors (Fig. 1) , enhanced digging stereotypy (Fig. 3B ) and deficits in motor skill learning (Fig. 3G ) in mice lacking CDKL5. These autism-like phenotypes, are likely associated with reduced expression of OPRM1 protein in the striosomes of the striatum (Fig. 5A-D) . Mu-opioid system and OPRM1-enriched striosomes, the 'dopamine islands', have been reported as a neural substrate for social communication (20) , social novelty preference (66) , motor stereotypy (21) and motor skill learning (67) . Accordingly, our results suggest that CDKL5 may modulate social behavior, stereotypy and motor skill learning by maintaining proper expression patterns of OPRM1 in the striosomes. Given that activation of OPRM1 inhibits excitatory postsynaptic currents on median spiny neurons (MSNs) elicited by corticostriatal excitatory inputs (68), down-regulation of OPRM1 in the striosomes of Cdkl5 null mice may result in dis-inhibition of striosomal MSNs and cause imbalance of activity in the striosomes and matrix, which likely accounts for motor stereotypy (Fig. 3B) (21) . On the other hand, most of the OPRM1-positive striosomal MSNs express dopamine D1 receptor (D1R), playing a key role in the 'direct' pathway (69, 70) , and activation of OPRM1 on direct MSNs pathway is necessary and sufficient for opiate and social reward (71, 72) . Therefore, OPRM1 reduction in the striosomes of Cdkl5 null mice (Fig. 5A-D) may impair neuronal processing of social reward and contribute to social deficits in these mutants (Fig. 1) . Furthermore, dis-inhibition of striosomal neurons caused by OPRM1 deficiency may trigger activation of the direct pathway, which in turn leads to hyper-locomotion ( Fig. 3D-E) in Cdkl5 null mice. These findings suggest that selective rescue of striosomal OPRM1 expression or intra-striatal inactivation of D1R may ameliorate, at least partially, CDKL5 disorder-related behavioral phenotypes.
In summary, our study supports that mice lacking CDKL5 recapitulate primary features of autism, such as impaired social communication and increased digging stereotypy. These mice also displayed increased locomotion, impulsivity and aggressiveness, and deficits in motor and spatial learning. Moreover, loss of CDKL5 disrupts dopamine synthesis and socio communication-associated gene expression in the corticostriatal areas, implicating CDKL5 in the modulation of brain region-specific molecular pathways that may underlie the comorbid features of autism and ADHD. Our study thus provides evidence supporting that 'comorbidity' features in neurodevelopmental disorders may originate from deficiency of a common pathway in specific neural circuits. In addition, Cdkl5 null mice could be used to model the comorbidity of autism and ADHD, and their corticostriatal circuit might serve as a target for therapeutic development.
Materials and Methods
Animals
Male Cdkl5 null mice were generated by crossing C57BL/6 J male mice (National Laboratory Animal Center, Taiwan) to heterozygous Cdkl5 females (Cdkl5
/J, the Jackson Laboratory), in which the kinase domain of CDKL5 was truncated by a premature STOP codon as a result of exon 6 deletion (10) . The mice used in this study have been backcrossed to C57BL/6 J for more than 10 generations and maintained in C57BL/6 J. To avoid confounding effects of mosaic Cdkl5 expression in females due to random X-inactivation, we focused our studies on hemizygous male mice (Cdkl5 À/y ) and their littermate controls (Cdkl5 þ/y ). Four-to five-week-old males were used in most of behavioral tests and neurochemical analysis, except the resident-intruder test and female-induced ultrasonic vocalization (USV) in which male mice at 8-10 weeks of age were used. In addition, male pups at postnatal day 4, 6, 8 and 10 (P4, P6, P8, P10) were used for USV measurement. All mice were bred and housed in individually ventilated cages (IVC, Alternative Design, USA) at 22 6 2 C and 60 6 10% humidity under a 12-h light-dark cycle (light on 08:00 to 20:00). Irradiated diet and sterile water were supplied ad libitum. Experiments described in this study were approved by the Institutional Animal Care and Use Committee at National Cheng-Chi University.
Genotyping
Mice were weaned and ear-tagged at P21-23, and then genotyped as previously described (46) . Briefly, One microliter of genomic DNA extracted from the tail tissues were used for each PCR reaction containing primers of FW (5'-CCACCCTCTCAG TAAGGCAG-3') and RV (5'-GTCCTTTTGCCACTC AATTC-3'). The PCR amplifications were carried out at 94 C for 5 min followed by 35 cycles at 94 C for 30 s, 64 C for 40 s, and 72 C for 60 s. The PCR products of 653 bp and 305 bp are corresponded to WT and null alleles, respectively (10).
Preparation of brain tissues
All of the biochemical studies were conducted in independent cohorts of mice (n ¼ 4 -8 for each genotype) at 32-35 days of age that have not undergone behavioral assessment. The mice were sacrificed by cervical dislocation, and brain tissues from the rostral and caudal striatum (ST-r, ST-c) and the cerebral cortex at the corresponding rostral positions (CTX-r) were microdissected on ice with the aid of the brain matrix (Zivic 
Dopamine measurement by HPLC
The dopamine content was measured as described in (46) . Briefly, brain tissues were homogenized in perchloric acid containing 0.45 mM sodium hydrosulfite by sonication immediately before measurement. Lysates were centrifuged at 15,000 Â g for 10 min at 4 C and filtered by 0. 
Western blot
Brain tissues in lysis buffer were homogenized by sonication containing 1% protease inhibitors (Amresco). Twenty micrograms of protein were separated by polyacrylamide gel electrophoresis (10%, Bio-Rad) with 70 V for 30 min followed by 110 V for 2 h and then transferred to a PVDF membrane (Millipore) by liquid electroblotting (Mini Trans-Blot Cell, Bio-Rad) with 350 mA for 2 h. The membrane was blocked by skim milk and incubated with primary antibodies against CDKL5 (1:350, Abcam), forkhead box protein 2 (FoxP2, 1:1,000, Abcam), TH (1:2,000, Millipore) or glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 1:100,000, Millipore), at 4 C for 16 h. For antibodies showing non-specific bands, such as the antibody against FoxP2, a control blot was conducted using anti-FoxP2 antibody that had been pre-absorbed with 1 lg/ml of the peptide used in antibody production (Abcam, ab16278). Following incubation with peroxidase-conjugated secondary antibodies for 2 h, these blots were detected by enhanced chemoluminescence reagent (ECL, Millipore) under an image acquisition system (Biostep, Celvins, Germany). The intensity of target protein expression was normalized with protein of house-keeping genes (e.g. GAPDH) by densitometry-based quantification (Image J, NIH). The expression levels of target proteins were presented as '% of WT'.
Immunohistochemistry
Immunohistochemistry was performed as previously described (22) . Briefly, free-floating brain sections of 20 micrometer were pretreated with 0.1 M PBS containing 0.2% Triton X-100, 3% H 2 O 2 and 10% methanol for 10 min, and then blocked with 3% normal goat serum in 0.1 M PBS. Sections were incubated with primary antibodies against mu-opioid receptor 1 (OPRM1, 1:1000, Millipore) at room temperature for 16 h. The sections were then washed and incubated with biotinylated goat-anti-rabbit secondary antibody (1:500, Jackson ImmunoResearch) in 0.1 M PBS containing 1% normal serum at room temperature for 2 h. Sections were finally incubated for 1.5 h with avidin-biotin-complex (Elite ABC kit, Vector) followed by color development with 0.02% diaminobenzedine (DAB, Sigma) in the presence of 0.0002% H 2 O 2 (Sigma) and 0.08% nickel ammoniosulfate (Sigma). Sections from Cdkl5
À/y mice and their WT littermate mice were processed in parallel and color-developed in DAB solution for exactly the same amount of time in order to compare the immunoreactivity between samples. Photomicrographs were taken by an upright microscopic system (Imager D2, Zeiss, Germany) equipped with a CCD camera (ORCA-R2 C10600-10B, Hamamatsu, Japan). OPRM1 protein expression in the striosomes was quantified by densitometry with Image J.
Behavioral assays
All behavioral assays were performed in a soundproofed room at the same period of a day (12:00 to 6:00 pm) by operators blind to genotype of testing mice.
Three-chamber social test Male mice at 4-5 weeks of age were tested for the sociability and social preference as previously described (74) . Briefly, the social testing arena is a rectangular box containing three chambers, 20 Â 40 cm in size for each, in an open arena allowing the test mouse to freely access each chamber (Fig. 1) . After the habituation period, an age-matched unfamiliar C57BL/6 J male mouse (stranger 1) was placed in one side of the chambers that was counterbalanced between trials. The stranger mouse was restrained in a clear plastic cylinder (80 mm of diameter, 150 mm in height) with numerous holes (8 mm in diameter) on the wall, which allow nose contact but prevent fighting. The subject mouse was allowed to explore the entire test arena for 5 min in the consecutive 3 sessions with intervals of 5 min (Fig. 1A) . The trajectory of the subject mice was videotaped by a top-mounted camera and the amount of time spent in each chamber was analyzed using the Smart video-tracking system (Harvard Apparatus, USA). The differences between genotypes were compared by using the Student's t test.
Female-induced ultrasonic vocalizations (USV)
Group housed male mice at 8-10 weeks of age were isolated in the testing cage with an ultrasonic microphone (Avisoft Bioacoustics UltraSoundGate 116 H, Germany) mounted on top of the cage (Fig. 2A) . The baseline of vocalizations was recorded for 5 min with videotaping from the side of cage prior to addition of a stimulus female mouse. To avoid confounding effect of reproductive behaviors, young female mice at 5-6 weeks of age were used as the stimulus mice. The ultrasonic microphone was set to receive frequency of 15-250 kHz. Vocalizations were recorded and analyzed as previously described (19) (Avisoft Recorder software). The spectrograms were generated with an FFT length of 512 points and a time window overlap of 75% (100% Frame, Hamming window) at a frequency resolution of 488. The differences in the number of calls and total duration of calls between mutants and WT mice were compared using Mann-Whitney U test (GraphPad, La Jolla, USA).
USV for isolated pups
Each male pup at P4 or P8 was isolated from dams and placed in a clean plastic box (8 Â 12 cm). The box was then placed in the center of a sound-reduced Styrofoam box (20 Â 20 Â 20 cm in height), with a microphone (Avisoft Bioacoustics) mounted on the lid to collect ultrasonic calls from the pup. The USV was recorded for 5 min following a 5 min-baseline recording (without pups). After recording, both body weight and body temperature of testing pups were monitored, and the pups were returned to their home cage immediately. Two days later, the same steps was performed on the same cohort of pups (P6 or P10). The number of calls and total duration of calls were analyzed by repeated-measured two-way ANOVA followed by Bonferroni post-hoc test (GraphPad, La Jolla, USA).
Apomorphine-induced stereotypic behavior
This task was performed as described previously (22) . Mice at 4-5 weeks of age were single-housed for 5-6 h in the testing cage containing new bedding materials prior to the start of the test. Mice were subjected to vehicle injection (Veh, 0.1% ascorbic acid, Sigma) and followed by administration of apomorphine (Apo, a pan-dopamine receptor agonist, Sigma; s.c., 2 mg/kg, dissolved in the vehicle) 1 h later. The baseline and drug-induced stereotypic behavior was videotaped for 3 min at 20 min and 50 min after Veh/Apo administration (Fig. 3A) . The duration for digging and head-down sniffing was measured during the last 2-min period of each clip and analyzed by student-t test.
Open-field activity Mice at 4-5 weeks of age were tested as previously described (46) . Briefly, the testing mice were videotaped with an overhead camera in a clear Plexiglas open-field arena (40 Â 40 Â 25 cm) for 16 min under dim light. Distinct features of locomotor activity, including the total distance traveled, percentage of resting time, average and maximal locomotion velocity, and percentage of time spent in the central arena, were analyzed for a period of 12 min (from 3.5 to 15.5 min, excluding the first 3.5 min as the habituation period) with the SmartV R video-tracking system (Harvard Apparatus, USA). Body movements slower than 2 cm/s were counted as resting. The differences between genotypes were compared by using Student's t test.
Accelerating rotarod task
Mice at 4-5 weeks of age were tested as described (46) . Briefly, these mice were trained at a constant speed of 4 rpm on the rotarod apparatus (PanLab, Spain) for 30 s at 30 min prior to the test. Three testing trials, 4-40 rpm within 5 min, were performed daily for 5 consecutive days, with an inter-trial interval of 30 min. The falling latency was recorded automatically by the stop-plates. The median of daily trials was adopted for statistical analysis by repeated-measured two-way ANOVA followed by Bonferroni's post-hoc test (GraphPad, La Jolla, USA).
Resident-intruder test
Male mice (WT, n ¼ 14; Cdkl5 À/y , n ¼ 15) at 8-10 weeks of age were single-housed for 7 days and tested as previously described (30) . On the testing day, all resident and intruder mice were habituated in the testing room for 1 h and videotaped for 1 min for baseline activity. An age-matched male intruder mouse unfamiliar to the resident mouse was placed in the resident's home cage and videotaped for 20 min (Fig. 4A) . The latency to the first attack (mount or bite), the total number of bites, the duration of social interest behaviors (sniffing, nosing, grooming, and crawling over the intruder), were measured manually by an experienced observer blind to genotype and then analyzed using student-t test.
Barnes maze
Mice at 4-5 weeks of age were tested for spatial learning and memory as described previously (31) . Mice were trained to locate the target hole (with an underneath escape box) from 20 holes evenly spaced around the perimeter at an elevated (50 cm above the floor) circular open field (90 cm diameter). The escape box (21 Â 10 Â 7 cm) was designated as an analog to the hidden platform in the Morris water maze, containing a ramp under the target hole so that mice may enter the escape box easily. Mice were initially placed in the center of the arena covered by an opaque cylinder, which was removed 10 s after the start of a trial, accompanied by turning on a strong illumination light and an aversive tone (440 Hz, 76 dB) on top of the testing arena. The aversive tone and light were turned off as the test mice located the target hole and entered the escape box. Mice failed to locate the target hole within 3 min were gently guided to the target by the operator. The mouse was left in the escape box for 1 min and then returned back to its home cage waiting for the next training trial. All mice were trained for three trials per day for 3 consecutive days with an inter-trial interval of 30 min. On the next day and 7 days later, mice were tested for the 'probe trial' in which the escape box was removed (Fig. 4E ). All training trials and probe trials were videotaped for 3 min. The 'latency to target hole' and 'time spent in each quadrant' for the probe trial were measured by Smart V R video-tracking system (Harvard Apparatus, USA). The differences between genotypes were compared by repeated-measured two-way ANOVA followed by Bonferroni's post-hoc test (GraphPad, La Jolla, USA).
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